Early detection of ocular inflammation may prevent the occurrence of structural damage or vision loss. Here, we introduce a novel noninvasive technique for molecular imaging and quantitative evaluation of endothelial injury in the choriocapillaris of live animals, which detects disease earlier than currently possible. Using an established model of ocular inflammation, endotoxin-induced uveitis (EIU), we visualized the rolling and adhesive interaction of fluorescent microspheres conjugated to recombinant P-selectin glycoprotein ligand-Ig (rPSGL-Ig) in choriocapillaris using a scanning laser ophthalmoscope (SLO). The number of rolling microspheres in the choriocapillaris peaked 4 -10 h after LPS injection. The number of the accumulated microspheres peaked 4 h after LPS injection in the temporal choriocapillaris and 4 and 36 h after LPS injection in the central areas around the optic disk. Furthermore, we semiquantified the levels of P-selectin mRNA expression in the choroidal vessels by reverse transcription-PCR and found its pattern to match the functional microsphere interactions, with a peak at 4 h after LPS injection. These results indicate that PSGL-1-conjugated fluorescent microspheres allow specific detection of endothelial P-selectin expression in vivo and noninvasive assessment of endothelial injury. This technique may help to diagnose subclinical signs of ocular inflammatory diseases
The choriocapillaris is essential for the metabolic needs of the outer retina. Abnormalities of the choriocapillaris may compromise retinal function and lead to loss of vision, for instance, in uveitis or central serous chorioretinopathy (1) (2) (3) . In age-related macular degeneration (AMD), initial disturbance of the retinal pigment epithelium may lead to choroidal neovascularization (4, 5) . Early detection of choriocapillaris dysfunction may be important for initiating treatment at a time point that can prevent structural damage. In vivo visualization techniques of the choroidal microcirculation, including conventional fluorescein angiography or the experimental laser-targeted angiography for animals (6, 7) , have been used to investigate the choroidal vascular network and hemodynamic conditions (8 -10) . For example, using laser-targeted angiography, Hirata et al. (10) investigated fluorescein diffusion patterns in the choriocapillaris flow, which revealed a lobelike structure in the choriocapillaris. However, these methods are not capable of evaluating leukocyte-endothelial interactions in choriocapillaris flow in vivo.
Leukocyte-endothelial interaction is fundamental to the pathogenesis of various ocular inflammatory diseases (11) (12) (13) (14) . At inflammatory sites, endothelial cells express adhesion molecules that cause leukocyte recruitment in a multistep process, which starts with rolling of leukocytes, continues with their firm adhesion, and may lead to transmigration into the extravascular space (15) (16) (17) . Interacting leukocytes release cytokines, proteases, and reactive radical species, which contribute to the injury of the inflamed tissue (15, 18, 19) . Leukocyte rolling, the first step in the recruitment process, is mediated primarily by the interaction between P-selectin on the endothelial surfaces and its main ligand, P-selectin glycoprotein ligand-1 (PSGL-1), constitutively expressed on the leukocyte surface (20 -22) . These specific biological processes that take place during inflammation may be used for noninvasive molecular imaging of ocular diseases.
In this work, we introduce a novel molecular imaging technique that uses fluorescent microspheres, conjugated with adhesion molecules, to detect endothelial injury of the choriocapillaris under physiological blood flow conditions (16) . Because leukocytes and platelets depend on PSGL-1 for their recruitment to the vascular endothelium under inflammatory or injurious conditions (23), we use the interaction of microspheres conjugated with this molecule in a model of acute inflammation to investigate the expression of its endothelial binding partner, P-selectin, in vivo.
MATERIALS AND METHODS

Endotoxin-induced uveitis
All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Animal Care and Use Committee of the Massachusetts Eye & Ear Infirmary. Male Lewis rats (8 -10 wk old; nϭ84) were obtained from Charles River (Wilmington, MA, USA). Uveitis was induced in rats by injecting 100 g of lipopolysaccharide (LPS; Salmonella typhimurium; Sigma Chemical, St. Louis, MO, USA) diluted in 0.1 ml sterile saline into one hind footpad of each animal. Control animals received a footpad injection of saline alone. All rats were maintained in an air-conditioned room with a 12-h light-dark cycle and were given free access to water and food until used for the experiments.
Conjugation of PSGL-1 to microspheres
Carboxylated fluorescent or nonfluorescent microspheres (2 m, Polysciences, Inc., Warrington, PA, USA) were covalently conjugated to protein G (Sigma) using a carbodiimidecoupling kit (Polysciences, Inc.) (16) . Recombinant P-selectin glycoprotein ligand-Ig (rPSGL-Ig; Y's Therapeutics, Inc., Burlingame, CA, USA) was incubated with the microspheres at 0.4 mg/ml overnight at room temperature. Microspheres were washed in PBS with 1% BSA before use in vivo. We injected 6 ϫ 10 8 fluorescent microspheres in each rat.
Flow cytometry
The average number of PSGL-1 molecules on the microsphere surfaces were determined using flow cytometry, as described previously (16) . Briefly, nonfluorescent microspheres (10 6 /ml, Polysciences, Inc.) conjugated to PSGL-Ig (Y's Therapeutics) were incubated with PE-conjugated mouse anti-human PSGL-1 (KPL-1) or its isotype-matched control (BD Biosciences, Franklin Lakes, NJ, USA) for 30 min, centrifuged at 4000 g for 5 min, washed twice, and resuspended into PBS. The fluorescence intensity of 10 4 microspheres was measured on a FACScan (Coulter EPICS XL), equipped with the System Work II software. The surface expression was presented as the mean channel fluorescence on a logarithmic scale.
In parallel, calibration beads (Quantum Simply Cellular, Bangs Laboratories, Fishers, IN, USA) were coated with reference fluorescence antibodies, as described previously (16) . Briefly, four different populations of microspheres with known densities of binding sites for Fc were coated with goat anti-mouse IgG (16) . Uncoated microspheres were used as a control (16) . A calibration curve was constructed based on the mean fluorescence intensity of the microspheres, using the Quickcal software (V2.3; Bangs Laboratories).
Evaluation of microsphere rolling in the choriocapillaris
To evaluate microsphere rolling in the rat choriocapillaris during endotoxin-induced uveitis (EIU), we used a scanning laser ophthalmoscope (SLO; HRA2; Heidelberg Engineering, Dossenheim, Germany), coupled with a computer-assisted image analysis system to make continuous high-resolution images of the fundus. An argon blue laser was used as the illumination source, with a regular emission filter for fluorescein angiography, since the microsphere's spectral properties are comparable with those of sodium fluorescein. The images were obtained at a rate of 15 frames/s and recorded on a computer for further analysis (11) . The experiments were performed at 4, 10, 24, 36, and 48 h after LPS injection. Six rats were used at each time point.
Immediately before microsphere injection, the rats were anesthetized with xylazine hydrochloride (10 mg/kg) and ketamine hydrochloride (50 mg/kg), and their pupils were dilated with 0.5% tropicamide and 2.5% phenylephrine hydrochloride. A contact lens was used to retain corneal clarity throughout the experiment. A catheter (BD Insyte Autoguard, 24-gauge, ref. no. 381412) was inserted into the tail vein of each animal. Animals were placed on a platform, allowing flexible positioning of the animals in relation to the SLO. Microspheres (6ϫ10 8 /ml in saline) were injected continuously through the catheter for 1 min at a rate of 1 ml/min. Rolling microspheres were defined as microspheres that moved at a velocity significantly lower than that of free-flowing microspheres. The number of rolling microspheres was obtained from 30 s of the recordings.
Evaluation of microsphere accumulation in the choriocapillaris
Thirty minutes after microsphere injection, the fundus was imaged by SLO for quantification of the accumulated microspheres in the choriocapillaris. The number of fluorescent dots in the temporal (frame temporally next to the optic disk) and central area (frame with the optic disk in the center) of the choriocapillaris was counted.
Ex vivo evaluation of accumulated microspheres
To prepare retinal and choroidal flatmounts, animals were anesthetized 4 h after LPS injection. Subsequently, 1 ml of microspheres (6ϫ10 8 /ml in saline) was injected continuously through the tail vein catheter over 1 min. Thirty minutes after microsphere injection, animals were perfused with rhodamine-labeled concanavalin A lectin (Con-A; Vector Laboratories, Burlingame, CA, USA), 10 g/ml in PBS (pH 7.4) to stain vascular endothelial cells and firmly adhering leukocytes. Perfusion was performed after the chest cavity was opened, and a 24-gauge needle was introduced into the aorta. Drainage was achieved by opening the right atrium. The animals were then perfused with 20 ml PBS containing 2% paraformaldehyde to wash out intravascular content and unbound microspheres. Immediately after perfusion, the retina and choroid were microdissected and flatmounted, using a fluorescence antifading medium (Vector Laboratories).
The tissues were then observed under an epifluorescence microscope (DM RXA; Leica, Deerfield, IL, USA), with both a FITC filter (excitation, 488 nm; detection, 505-530 nm) and a rhodamine filter (excitation, 543 nm; detection, Ͼ560 nm).
Images were obtained using a high-sensitivity digital camera, connected to a computer-assisted image analysis system. Using the openlab image analysis software, merged images of the microspheres (green fluorescent dots) with the retinal and the choroidal tissues (red) were generated.
Semiquantification of P-selectin gene expression
0, 4, 10, 24, 36, and 48 h after LPS injection, 1 eye from each rat was enucleated. Total RNA was isolated from the RPE-Bruch's membrane-choroid complex after removal of the neural retina using TRIzol reagent (Invitrogen; Carlsbad, CA, USA). The extracted RNA was quantified, and 1 g of the RNA was used to make cDNA with First-Strand cDNA Synthesis Kit (Amersham Biosciences, Piscataway, NJ, USA). For semiquantitative PCR, 1 l of each first-strand reaction was then amplified using Pselectin-and GAPDH-specific oligonucleotide primers. PCR amplification was performed with denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and polymerization at 72°C for 1 min. The reaction was performed for 35 cycles for P-selectin and 25 cycles for GAPDH. The primers were CAA-GAGGAACAACCAGGACT (sense) and AATGGCTTCACAG-GTTGGCA (antisense) for P-selectin, and TGGCACAGTCAA-GGCTGAGA (sense) and CTTCTGAGTGGCAGTGATGG (antisense) for GAPDH. After completion, the samples (6 l) were analyzed by agarose gel electrophoresis and ethidium bromide staining (11) .
Statistical analysis
All values are expressed as mean Ϯ se. Data were analyzed by Student's t test. Differences between the experimental groups were considered statistically significant or highly significant when the probability values were Ͻ0.05 or Ͻ0.01, respectively.
RESULTS
Characterization of PSGL-1-conjugated microspheres
To quantify the number of PSGL-1 molecules conjugated onto the surface of our microspheres, we generated nonfluorescent carboxylated microspheres covalently bound to protein G and subsequently coated them with recombinant PSGL-1, based on our previous report (16) . We used a PE-conjugated anti-PSGL-1 mAb or its isotype-matched control to label the PSGL-1 on the microspheres and measured their fluorescent intensity by flow-cytometry (Fig. 1A) . Microspheres conjugated with PSGL-1 showed a mean fluorescence of 211.5, when incubated with PE-conjugated anti-PSGL-1 mAb, compared with 7.1, when incubated with isotype-matched control (Fig. 1A) . To convert the mean fluorescence intensity obtained from the PSGL-1-conjugated microspheres to specific numbers of PSGL-1 molecules, we measured the fluorescence intensity of calibration microbeads with known site densities of PE-conjugated IgG, and examined them under the same flow-cytometric setting (Fig. 1A) . From the mean fluorescent intensities of the microbeads, a calibration curve was generated (R 2 ϭ0.9997), indicating that, on average, 27,253 PSGL-1 molecules were bound on the surfaces of our microspheres (Fig. 1B) .
Microsphere rolling in the choriocapillaris
Immediately after intravenous injection of the PSGL-1-conjugated microspheres, free-flowing and rolling microspheres were observed in the choriocapillaris of the examined rats ( Fig. 2A) . In the untreated control group (time 0), only very few PSGL-1-conjugated microspheres showed rolling interaction with the endothelium of the choriocapillaris (3.8Ϯ1.1) (Fig. 2B) . However, 4 and 10 h after LPS injection, the number of microspheres rolling along the venous walls increased significantly (12Ϯ1, Pϭ0.0003 at 4 h and 12.7Ϯ1.9, Pϭ0.003 at 10 h), suggesting an increase in endothelial P-selectin expression at these time points (Fig. 2B) . Twenty-four hours after LPS injection, the flux of rolling microspheres, although still significantly elevated, started to decline (10.7Ϯ2.1, Pϭ0.016). This decline continued 36 and 48 h after LPS injection (5.3Ϯ1.4, Pϭ0.4 and 5Ϯ1.1, Pϭ0.5, respectively), suggesting a resolution of the acute inflammatory reaction ( Fig. 2B) . To illustrate the rolling of microspheres in the choriocapillaris, a representative PSGL-1-conjugated microsphere is followed by freeze frame advancing while the elapsed tracking time is indicated (16, 23) (Fig. 2C ).
Microsphere accumulation in the choriocapillaris
Thirty minutes after the initial injection of the conjugated microspheres, the number of free-flowing microspheres in the choriocapillaris of normal and EIU rats was substantially diminished, presumably due to the interaction of the microspheres with the endothelium of the vessels throughout the body. This allowed us to conveniently identify and quantify the number of accumulated microspheres in the choriocapillaris as distinct stationary fluorescent marks with very high contrast against the nonfluorescent background (Fig. 3) . To investigate whether it is possible to reveal the level of endothelial injury in the ocular vessels with the PSGL-1-conjugated microspheres, we induced uveitis in rats and quantified at different time points the number of adhering microspheres (Fig. 3A) . In normal control animals, a low number of microspheres constitutively adhered to the endothelium of the choriocapillaris (14Ϯ1). In contrast, in the EIU animals, a large number of microspheres (132.8Ϯ9.5) accumulated in the temporal area (temporal midperiphery) with a peak at 4 h after LPS injection, showing a significant 9.5-fold increase compared to the untreated control group (Pϭ2.1ϫ10 Ϫ7 ) (Fig. 3B) . In comparison, the number of accumulated microspheres in the central area (around the optic disk) peaked at 4 and 36 h after LPS injection (107.3Ϯ15.2 at 4 h, Pϭ6.4ϫ10 Representative micrographs showing a small number of unconjugated microspheres (a) and a comparably small number of PSGL-1-conjugated microspheres (b) in the choriocapillaris of normal control rats. In the temporal area, the number of PSGL-1-conjugated microspheres accumulated in the choriocapillaris of EIU rats peaked at 4 h after LPS injection (c) and decreased gradually by 36 h after LPS injection (d). In contrast, in the central area, the number of PSGL-1-conjugated microspheres revealed a biphasic pattern with two peaks at 4 h (e) and 36 h (f) after LPS injection, respectively. B) Temporal choriocapillaris microcirculation. Average numbers of accumulated plain (gray diamonds) and PSGL-1-conjugated microspheres (black squares) in healthy normal (0 h) and EIU animals at different time points (4, 10, 24, 36 , and 48 h after LPS injection) in the temporal area of the choriocapillaris microcirculation of live rats. Values are expressed as mean Ϯ se; n ϭ 6 animals in each group; ‡ P Ͻ 0.01. C) Central choriocapillaris microcirculation. Average numbers of accumulated plain (gray diamonds) and PSGL-1-conjugated microspheres (black squares) in healthy normal (0 h) and EIU animals at different time points (4, 10, 24, 36 , and 48 h after LPS injection) in the central area of the choriocapillaris microcirculation of live rats. Values are expressed as mean Ϯ se; n ϭ 6 animals in each group; ‡ P Ͻ 0.01.
Pϭ2ϫ10
Ϫ9 at 36 h), an increase of 6.9-and 5.5-fold compared to the control group, respectively (Fig. 3C) .
Ex vivo visualization of accumulated microspheres
To confirm that the PSGL-1-conjugated microspheres, detected in vivo, were indeed in the choriocapillaris, as was postulated on the basis of the depth of the SLO focus, we further examined the accumulation of the conjugated microspheres using the retinal and choroidal flatmount technique. We injected 6 ϫ 10 8 PSGL-1-conjugated microspheres through a tail vein catheter into EIU rats. Thirty minutes later, we perfused the animals with rhodamine-coupled concanavalin A to remove nonfirmly adhering microspheres and to stain the endothelial surface. We then enucleated the eyes and prepared retinal and choroidal flatmounts. Using epifluorescence microscopy, we were able to confirm the specific adhesion of microspheres in the retinal vessels and choriocapillaris (Fig. 4) . In line with our SLO findings, the flatmounts showed a large number of PSGL-1-conjugated microspheres accumulated in the retinal vessels and choriocapillaris of the EIU animals. Interestingly, the retinal flatmounts revealed that nearly all firmly adhering microspheres had accumulated in the major retinal veins (Fig. 4C, D) . This is consistent with previous reports showing that, during EIU, most leukocytes are found in the retinal veins (13, 24) , suggesting that our microspheres mimic the pathophysiologically relevant phenomenon of leukocyte recruitment in EIU.
P-selectin gene expression
To investigate whether the changes in PSGL-1-conjugated microsphere recruitment during EIU reflect specific changes in endothelial antigen expression, we semiquantified the expression of P-selectin mRNA in the choroidal vessels of the EIU animals at various time points after LPS-injection, using PCR and gel electrophoresis (Fig. 5) . We found a peak expression of P-selectin mRNA 4 h after LPS injection, corresponding to the high levels of microsphere accumulation in the choriocapillaris at this time point. These results suggest that the rolling and adhesion of the PSGL-1-conjugated microspheres in the choriocapillaris correlate with the endothelial P-selectin expression and are an indirect means for its quantification.
DISCUSSION
Vascular injury and inflammatory leukocyte recruitment are central components of prominent ocular diseases, such as uveitis, diabetic retinopathy, and agerelated macular degeneration (13, (25) (26) (27) (28) (29) . However, to date, there is no method for detection of leukocyteendothelial interactions in humans or the extent of endothelial injury in the choriocapillaris in vivo.
In this study, we introduce a novel technique for noninvasive visualization of endothelial injury during ocular inflammation under physiological flow conditions. To accomplish this, we generated PSGL-1-conjugated fluorescent microspheres with known site densities and studied their interaction with the vascular endothelium of the choriocapillaris using SLO. The PSGL-1 molecule we used, rPSGL-Ig, is a fully human recombinant fusion protein of PSGL-1 and IgG-1 (30) that has been in clinical trials for acute myocardial infarction (31) and renal (32) and liver (personal communication) transplant for prevention of ischemia reperfusion injury. Because the molecule is tolerated in humans, our imaging technique may thus be conveniently adapted for early diagnosis of human ocular inflammatory diseases. Our results show that the early rise in the accumulation of PSGL-1-conjugated microspheres in EIU animals correlates with the endothelial P-selectin mRNA expression. The quantification of the microsphereendothelial interactions in the choriocapillaris allows us to estimate the expression level of endothelial Pselectin, an established marker of vascular injury in living animals. However, since PSGL-1 also binds to E-selectin, it is possible that changes in microsphere accumulation may, in part, also reflect the level of expression of the endothelial E-selectin. Furthermore, PSGL-1 conjugated microspheres may accumulate in EIU animals by binding to L-selectin on the surface of firmly adhering leukocytes. Although at the current SLO resolution, it is not possible to distinguish between interaction of the microspheres with endothelium vs. firmly adhering leukocytes, future improvements of the imaging technique may allow such distinctions.
Intriguingly, our measurements of the accumulation of the PSGL-1-conjugated microspheres revealed distinct patterns in different areas of the choriocapillaris flow. In the central area around the optic disk, microsphere accumulation peaked at 4 and 36 h after LPS injection, while the number of accumulated microspheres in the temporal area showed only one peak at 4 h after LPS injection, suggesting regionally diverse inflammatory responses within the choriocapillaris. These data indicate that this new technique provides the sensitivity to detect subtle regional differences in inflammatory response at a functional level.
Our investigations also show a higher level of microsphere-endothelial interactions in the choriocapillaris flow compared to that of the retinal microcirculation during EIU. It is possible that the higher vascular density in the choriocapillaris may account, in part, for the higher number of accumulated microspheres. However, the drastic differences that we found suggest functional differences between these two distinct vascular beds.
We further show an early peak in the expression of P-selectin mRNA in the choroid of EIU animals. To our knowledge, this is the first report of the measurement of P-selectin mRNA expression in the choroid during EIU. However, our mRNA results may not illuminate the subtle regional differences that were depicted in the in vivo experiments, as mRNA was collected from the entire choroidal complex. Furthermore, P-selectin is both de novo synthesized and rapidly released from cytosolic granules (Weibel-Palade bodies) on endothelial activation (33) . Immunohistochemistry shows Pselectin up-regulation in the iris-ciliary body as early as 15 min and 5-7 h after LPS injection (20) . While the first peak after 15 min is likely due to rapid release of P-selectin protein from the cytosolic granules, the second peak is consistent with the time course of mRNA up-regulation in our experiments.
Using the method described herein, we quantitatively evaluated the rolling flux of our PSGL-1-conjugated fluorescent microspheres in the choriocapillaris flow and determined its peak time to be at 4 -10 h after LPS injection. Interestingly, previous studies with acridine orange digital fluorography showed that the number of rolling leukocytes in the retina of LPS-treated rats peaks 12 h after LPS injection (34) . Because our results indicate an earlier peak than the acridine orange-labeled leukocytes in the retinal vessels, our technique may thus allow an earlier detection of endothelial changes than conventional visualization techniques of leukocyte-endothelial interaction in vivo.
Consistent with the previously reported lobelike structure of the choriocapillaris, in our study, all rolling microspheres moved within confined areas of the choriocapillaris, which may correspond to the area of the anatomical lobe (9, 10) .
In conclusion, our new technique allows for the first time convenient and quantitative imaging of adhesion molecule expression on the endothelium of the choriocapillaris in vivo. The fact that a variety of adhesion molecules or antibodies can be conjugated to the microspheres (16) , makes this technique a versatile and powerful tool for the study of the expression and function of endothelial surface antigens and detection of endothelial injury during disease.
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